Studies among people with dementia demonstrated that the sleep quality and rhythm improves significantly when people are exposed to ambient bright light. Since almost half of the healthy older people also indicate to suffer from chronic sleep disorders, the question arises whether ambient bright light can be beneficial to healthy older people. Particularly the effect on sleep/wake rhythm in relation to the exposure to natural light is the focus. It was hypothesised that the sleep quality would be worse in winter due to a lower daylight dose than in summer due to the lower illuminance and exposure duration. A field study was conducted to examine the relationship between daylight exposure and sleep quality in 14 healthy older adults living independently in their own dwellings in the Netherlands. All participants were asked to take part of the study both during the summer period as well as during the winter period. Therefore, they had to wear an actigraph for five consecutive days which measured sleep, activity and light exposure. Results confirmed that people were significantly longer exposed to high illumination levels (>1000 lx) in summer than in winter. Sleep quality measures, however, did not differ significantly between summer and winter. A significant, positive correlation was found between exposure duration to high illuminance from daylight during the day and the sleep efficiency the following night in summer, implying that being exposed to high illuminance for a longer time period has a positive effect on sleep efficiency for the individual data. There was also a tendency of less frequent napping in case of longer exposure duration to light for both seasons. Sleep quality does not differ between summer and winter but is related to the duration of the exposure to bright light the day prior to the night.
Introduction
Older adults are known to be worse sleepers than their younger counterparts. Epidemiological studies [1, 2] show that 40-70% of older adults suffer from chronic sleep problems. Only a mere 20% claim to have no sleeping disturbances at all. Typical characteristics of sleeping problems are difficulty falling asleep, nocturnal sleep fragmentation, increased daytime sleepiness, and daytime napping. Apart from physiological causes, sleeping problems can stem from the social setting. From care homes for the aged it is known that older adults are minimally stimulated to be active during the day [3] .
Hattar et al. [4] described a third kind of photo receptor in the eye, called intrinsically photosensitive retinal ganglion cells (ipRGCs). Berson et al. [5] discovered a previously unknown function of these cells in relation to phototransduction. The action spectrum of this photo receptor differs significantly from the other two known receptors for scotopic and photopic vision; rods and cones. These receptors all participate in mammalian circadian phototransduction; namely by transmitting signals to the suprachiasmatic nuclei (SCN), the location of the biological clock in the human brain. The SCN are capable of (i) generating near 24-hour cycles in cell-firing patterns, of (ii) synchronising these cycles with the environmental light/dark cycle, and of (iii) cyclic control of brain structures involved in body temperature and the release of hormones. The action spectrum for melatonin 2383 suppression shows a peak around 459-464 nm [6, 7] , indicating short wavelength sensitivity of the circadian system. With ageing, the 24-hour cycles or so-called circadian rhythms show changes. Age-related changes of the circadian timing system can be found in amplitude and period of the rhythms, as well as synchronisation with the environment and sensitivity to environmental clues; the so-called 'Zeitgebers' [8] . A decreased neuronal activity is a characteristic of the aged SCN themselves [9] . Moreover, the number of retinal ganglion cells may decrease with ageing [10] .
In the SCN of older adults, the amount and synthesis of the main peptides that show a circadian rhythm, decreases. This could be an underlying cause of sleep-wake rhythm disturbances. The SCN are sensitive to a number of stimuli and have a certain flexibility that is preserved over the years. Therefore, the consequences of an unstable circadian pacemaker might be reversible for a certain period [11] . It is postulated that exposure to bright light can be used to treat some sleep disorders involving the timing and duration of sleep [12] .This is supported by evidence that light is capable of restoring the circadian amplitude in sleep-wakefulness of older adults [13] , and improve restless behaviour among institutionalised older adults with dementia [14] . Other studies also indicated that older adults, who were exposed longer to high light levels, show a better sleep-wake rhythm [15] . Herljevic et al. [16] showed diminished suppression of melatonin in women after menopause in comparison with younger people. This effect was ascribed to a number of ageing-related changes to the eye, including darkening of the lens and development of a yellow pigmentation, known to reduce the transmission of short wavelength light. Mishima et al. [17] showed that older adults are exposed to lower light levels than young adults. They also showed that insomniac older adults, when receiving a comparable amount of light as young people, regained a melatonin production comparable with the younger people in the study, implying that light contributes to increase the amplitude of the circadian rhythm. A study by Kirisoglu and Guilleminault [18] showed that sleeping problems in older adults aged 60 years and over can be lessened by light therapy in the morning (baseline and 3 and 6 months posttreatment design). A 45-minute exposure to illuminance levels of 10 000 lx emitted from a light box at a distance of 0.75 metres just after rising in the morning within 5 minutes of wake-up time substantially ameliorated sleep quality and lessened daytime fatigue, than did a daily 20-minute exposure of 10 000 lx.
Since humans have evolved under the influence of daylight and the natural light-dark cycle. People have developed a variety of physiological responses to the varied characteristics of daylight for example the reflex of changing pupil diameter under different light conditions. In addition, the human skin provides a layer of pigmentation to protect us from the high ultraviolet intensities when exposed to daylight almost every day. Our natural rhythm is to be active when it is daytime and to be inactive (sleep) during the night. Due to the development of electrical light sources, people are able to alter that active period so to be active during the naturally dark period of the day. Although many light characteristics can be modeled by electrical light sources, major differences still exist compared to daylight like:
1. Daylight is dynamic, depending on the weather, location on earth, climate, time of day and time of year.
2. The dynamics of the daylight consist of the illuminance level (spherical), the light spectrum (spherical), directionality of the light (direct sunlight and diffuse Therefore, it is assumed that exposure to natural light has an even stronger positive effect on older people and specifically the sleep/wake cycle. The literature review by Aries and colleagues [19] already demonstrated the difficulty to make a distinction between the actual physical phenomenon (radiation) and its related psychological aspects (view, sunlight, temperature). Therefore going outdoors and being exposed to extremely high illuminance levels are treated similar.
Only few studies reported the relation between natural light exposure and circadian health effects. One of the earliest studies on the influence of light on hormone secretion was done by Hollwich and Dieckhues in 1980 [20] . They concluded that blind and temporarily blind patients, due to cataract, have significant low levels of ACTH (Adreno CorticoTroop Hormone) and cortisol. After cataract extraction, the levels normalized again. They also found that people exposed to high illumination (3500 lx) with a very different spectral light composition than daylight showed stress-like levels of ACTH and cortisol. They suggest, to avoid mental and physical alterations, that the spectrum of electric lighting should be largely similar to that of natural light. In 1991, Baskett et al [21] studied the melatonin plasma profiles between older people who had not been exposed to natural light for more than six weeks due to hospitalization (n = 6) and healthy older people (n = 15). The hospital group had significantly higher daytime plasma melatonin levels, an earlier nocturnal rise and the timing of their secretory profiles was more variable. They concluded therefore that the currently used artificial and supplementary natural lighting may not be sufficient to suppress melatonin secretion adequately during daylight hours nor act efficiently to entrain day/night secretion of melatonin in a physiological circadian manner. These might result in mood and sleep disorders. A similar but larger cross-sectional study was performed in 2012 by Obayashi et al [22] among 192 older people individuals in Japan. The research question was whether daylight exposure would increase nocturnal melatonin secretion in an uncontrolled daily life setting. They found a positive correlation between duration of light exposure of >1000 lx on wrist level and urinary 6-sulfatoxymelatonin excretion during night time. An increase of 13% between 37 and 124 minutes (25 th to 75 th percentiles) exposure was found. Another non-lab study regarding the same topic [23] found no relation between light exposure and melatonin production but did find a positive correlation between daytime activity and melatonin production during the night. Since the subjects were all women in the age category between 18 and 62 years old, light effects were only revealed among the older people. Tsuzuki and colleagues [24] examined the seasonal influence of light on sleep in eight healthy older men (> 60 years., mean age of 64 ± 1 yrs.) in the four seasons starting in spring. They showed that the time to wake-up in summer was significantly later than in the other seasons, also the number and duration of nocturnal awakenings where higher in summer. The results suggest that the sleep quality in summer is worst compared to the rest of the year. In their study they also show that being exposed to high lighting levels four hours before going to bed delays the bedtime and the wake-up time advances. These results were supported by the same research group [25] . They did a similar research in Japan among 19 older people (male / female = 13/ 6). The results show that the sleep latency, wake time, number of wake episodes, and activity index significantly increased in summer, compared to fall or winter. Furthermore, compared to fall and winter, the sleep time and the sleep efficiency index significantly decreased in summer. They also found a significant correlation between bedroom climate and the sleep parameters: wake episode, sleep efficiency index and wake after sleep onset. These results were only found in summer. The continuous light exposure was not reported.
Calkins and colleagues [26] conducted a pre-post quasiexperimental design on people with dementia in a nursing home, in order to answer the question whether time spent outdoor influences several psychophysical aspects of 17 older people with dementia. Results suggest that increased time spent outdoors resulted in a modest improvement in sleep efficiency of 10%, and mixed or immeasurable impact on agitation. Simular results were found by Gammack and Burke [27] where they examined the correlation between natural light exposure and self-reported sleep disturbances in a nursing home. The data suggest that natural sunlight exposure may improve some measures of subjective sleep quality but is not likely a panacea for poor sleep quality.
Natural light exposure is an inexpensive therapy that can be administered simultaneously to many individuals in an institutional setting. Resident resistance to outdoor activities, weather, and medical illness are potential limitations to this approach.
Of course, high light levels can be achieved by electrical lighting and might be more relevant to the lighting industry [28] . The aim of this study is to find out whether mobile and healthy older adults, with and without a history of sleeping problems, show a better sleep-wake pattern when exposed to high levels of natural, daylight (available in summer) compared to low intensity natural daylight (available in winter).
Although the minimum amount of light necessary for restoring sleep-wake rhythm is still unknown, the retinal light exposure of older adults is less than that of younger people, due to the aforementioned ageing of the eye [29] .
Methodology

Experiment setting
A cohort of 14 subjects was used for this study (9 females, 5 males). The age of the participants ranged from 65 to 80 years (mean ± SD; 67 ± 4.1 years). The participants were all in good general health, mobile, and lived independently in their own dwelling. Half of the participants reported sleeping problems. This was confirmed by the results of the Pittsburgh Sleep Quality Index (PSQI) [30] , which tended to overestimate the number of bad sleepers (5 'good-sleepers' and 9 'bad-sleepers'). The median PSQI score at baseline was 6.5. There was no significant difference between summer and winter PSQI scores. No one reported to be using sleeping medication. The only reported eye disease was cataract. One person had been (successfully) operated and two still suffered from it. Sunglasses were never worn by nine people and three people always wore sunglasses when going outside. The remaining two occasionally wore sunglasses. The subjects with cataract occasionally wore sunglasses when they went outside. The combination of the two reduced the amount of light reaching the retina. Nevertheless, assumed was that the levels of light exposure were still above 1 000 lx vertically and therefore these people were not excluded from the research.
Materials
Actigraphy
The participants were asked to wear an actigraph combined with a calibrated light sensitive cell (Cambridge Neurotechnology Actiwatch, type Actiwatch-L) around the non-dominant wrist. The light sensitive cell was designed to measure up to 32 000 lx. A 15-second sampling interval was used meaning that a maximum of five consecutive days could be measured.
Sleep log
Participants were asked to keep a sleep log on (i) time they went to bed, (ii) how long it took to fall asleep, (iii) at what time participants woke up in the morning, (iv) at what time they got up, and (v) time of being awake / waking up during the night, for instance, to go to the toilet during the night. The registered data was used as input for the actigraphy analyses.
Daylight exposure
Participants were asked to register the time they spent outdoors (in open air). The subjects also had to write down whether or not the actigraph was covered by clothing, for instance a sleeve, or not worn at all. Those data were discarded from analysis, since the analyses were based on the actigraph data only. The time people spent outdoors was used to check the measured data of the actiwatch. Only one person reported that the device was once covered. In general, the device was only removed for a shower/swim and only for a maximum period between 20 to 60 minutes per day.
PSQI
The Pittsburgh Sleep Quality Index was used to assess sleep quality and sleep disturbances during winter and summer. A PSQI score of five and higher means a poor sleeping quality. Below five means a good sleeping quality. The index has a sensitivity of 89.6%, and a specificity of 86.5% in differentiating between good and bad sleepers [18] .
Procedure
The subjects were informed about the research on sleep quality and light, and asked to participate. On the first day of the study, the subjects filled out a questionnaire on demographics and aspects of the living situation, such as the normal activity pattern, indoor lighting, and daytime fitness/sleepiness. Then, for five consecutive days, the subjects were asked to keep a sleeping log and an activity log to be filled out every morning. During these five days, participants wore an actigraph, measuring both activity and ambient light level. This protocol was used two times per subject: once in summer (May 2005
and autumn (October) instead of in winter and summer. Some subjects were less consistent in wearing the actigraph; therefore, not all subjects have an equal amount of data.
Analyses
Actigraph data was processed by the Cambridge Neurotechnology Ltd. software package Actiwatch Activity & Sleep Analysis 5, version 5.11. Based on the activity data of the actigraph, the software derives indices of sleep and wakefulness during times when the actigraph is worn. When a subject hardly moves over a longer period of time, this period is assumed as passed by sleeping. Combined with data from the sleeping log, the following indices of sleep were derived: sleep efficiency (percentage of immobility time during time spent in bed at night), sleep latency (time it takes to fall asleep: the difference between the moment the subject lies without moving and the moment indicated to have gone to bed), time initiating sleep (moment one falls asleep), sleeping duration (summation of periods when actigraph registers no activity during times spent in bed), the number of daytime naps (determined by a period of inactivity longer than 20 minutes), the duration of naps and total naptime during the day. Besides variables on sleeping behaviour, the actigraph also recorded light intensity on wrist level. Actiwatch Activity & Sleep Analysis software allows for deriving parameters on light exposure to the actigraph. Parameters used in this study are average daily light exposure, and the amount of time subjects were exposed to illuminances of 1000 / 3000 lx and over per day (as measured on wrist-level).
Statistical analyses were performed on sleep efficiency, sleep latency, sleeping duration, activity, the number of naps, nap duration, the total naptime during the day, the average daily light exposure, and duration of exposure to illuminances of 1000 / 3000 lx and over. Data analysis was carried out using SPSS 12.0.1 for Windows. The critical p-value was set at 0.05. For the analyses of the parameters measured, one-tailed paired samples t-tests were used. Within-subjects analysis were conducted to see whether sleep quality improves by longer exposure to higher light levels, on individual basis. For simple correlations, two-tailed Pearson product-moment correlation coefficients were determined. Additional analyses (mixed models) were conducted to check for confounding factors.
When taking into account all separate data points for each subject, mixed models were used for the statistical analyses. Because not all subjects had an equal amount of measurement days, standard repeated measures analysis was not appropriate. A second motivation for using mixed models (also known as hierarchical models) is that it allows for both slopes and intercepts being estimated separately for each subject. All mixed models used contain a random effect of subject and a repeated measure observation (one observation means one 24 hour period), using a scaled identity covariance type. Furthermore, the fixed effects were analysed using a factorial model including an intercept. An overview of data points, and degrees of freedom in the analyses, are given in Table 1 . 
Results
Summer versus winter
Exposure to light
During summer, the average daily light exposure (24 hours) was 658 lx vs. 178 lx in winter. The exposure to light levels over 1 000 lx and over 3 000 lx were significantly longer in summer than in winter (Table 2) . Moreover, subjects who were exposed to high ambient light levels in summer also tend to be exposed to high levels in winter (≥1000 lx: r = 0.708, p = 0.033, n = 9; ≥3000 lx: r = 0.823, p = 0.006, n = 9).
Sleep parameters
Sleep efficiency and sleep latency were both for summer and winter, negatively correlated, indicating that efficient sleep goes hand in hand with short times needed to fall asleep (r=-0.597, p < 0.001, n=98, data points of 14 subjects). Analysis between-subjects show no significant differences between summer and winter for sleep efficiency, sleep latency, PSQI score, activity, and naps (number of naps, average daily length, and total nap duration). For the results within-subjects, significant correlations between summer and winter were found for sleep efficiency, activity and PSQI. This means that people, who, for instance, sleep efficiently in summer also sleep efficiently in winter. For sleep latency and naps no significant correlation was found between summer and winter.
Within subjects analyses
Sleep and activity
People who sleep well are more likely to be more active the following day. This is not reflected by the data. For winter, there was a significant effect of sleep latency on daytime activity the day after (t (37) = 2.79, p = 0.008), meaning that the longer it takes to fall asleep the more active the following day. At the same time, there was no significant effect of sleep efficiency on daytime activity the day after (t (37) = -1.84, p = 0.07). In the aggregated data of summer and winter, a similar pattern is found: a significant effect of sleep latency (t (78) = 2.78, p = 0.008), but no effect of sleep efficiency on daytime activity the day after was found (t (78) = -2.19, p = 0.32).
Daytime activity is supposedly larger when one is not too sleepy. Therefore, one might expect long exposure to high light levels to be connected to high daytime activity. One can also argue that, when exposed to high light levels, the participant is most likely outdoors. Being outside, often means that one is active at the same time. However, no significant correlations were found between the data on activity and light exposure, not in winter, nor in summer.
Exposure to light and sleep efficiency
For summer, a significant positive correlation was found for exposure duration to light levels of ≥1000 and ≥3000 lx, and sleep efficiency the following night. Longer exposure to high light levels lead to more efficient sleep (≥1000 lx: t (53) = 3.80, p < 0.001; ≥ 3000 lx: t (53) = 3.68, p = 0.001). For winter this correlation was not significant (≥1000 lx: t (41) = 1.98, p = 0.054; ≥3000 lx: t (41) = 1.73, p = 0.092) (Fig. 1). 
Mixed models analyses
Since exposure to high light levels by being outdoors may go together with increased activity during daytime, the found significant correlation between light exposure and sleep may be confounded by activity.
Mixed models were used with both daytime activity and exposure duration to high light levels as fixed factors. Introducing daytime activity as an explaining factor in the models makes that the models capture the variance due to changes in daytime activity. If the other factor in the model, namely exposure duration still remains to have a significant impact on sleep efficiency, then we know that this effect is not confounded by possible relations with daytime activity. 
Exposure to light and sleep efficiency related to activity
For summer, both exposure to light levels of 1 000 lx and over, and 3 000 lx and over, showed a positive effect on sleep efficiency (≥1000 lx: t (47) = 3.51, p = 0.001; ≥3000 lx: t (47)=3.28, p = 0.002), whereas in both analyses, daytime activity had no significant effect on sleep efficiency (≥1000 lx: t (47) = 0.41, p = 0.69; ≥3000 lx: t (47) = 0.11, p=0.92). Similar patterns were found in winter. The exposure to light levels of 1 000 lx and over showed a significant positive effect on sleep efficiency (t (40) = 2.06, p = 0.046) and a marginal effect of daytime activity was found (t (40) = -1.70, p = 0.098). Exposure duration to light intensities of 3 000 lx and over showed a marginally significant effect on sleep efficiency (t (40) = 1.89, p = 0.07), together with again a marginal effect of daytime activity (t (40) = -1.77, p = 0.084).
Exposure to light and naps
In the aggregated data of summer and winter, exposure to light levels of ≥1000 lx showed a negative effect on the number of naps per day (t (108) = -2.41, p = 0.018) (Fig. 2) . No effect was found on nap length.
Sleep and naps
In the same way as sleep and activity were expected to be associated, sleep and daytime napping were hypothesised to be related. People, who sleep badly during the night, may need another nap during the day. Only in winter, relations were found between naps and sleeping. A positive effect was found of sleep efficiency on the number of naps the following day (t (37) = 2.10, p = 0.04).
Activity and naps
Participants that nap during the day are less likely to be active during the same day, as was confirmed by the data. For summer, a significant negative effect of daytime activity was found on the number of naps (t (51) = -5.45, p < 0.001, n = 53), and a negative effect of daytime activity on the total duration of naps per day (t (51) = -4.74, p < 0.001, n = 53). A similar effect of daytime activity on the number of naps was found in the winter situation (t (46) = -7.01, p < 0.001, n = 48).
For winter, daytime activity had a negative effect on the average duration of naps per day, implying that shorter naps go together with more activity during the day (t (46) = -4.06, p < 0.001, n = 48). In the aggregated data of summer and winter, daytime activity had a negative effect on the number of naps (t (99) = -0.914, p < 0.001, n = 101), as well as it had a negative effect on average nap duration per day (t (99) = -3.20, p < 0.005, n = 101).
Discussion and conclusions
Implications for Theory
The aim of this study was to explore if exposure to high illuminance (> 1000 lx) natural light contributes to a better sleepwake pattern in older adults. No results were found between summer and winter, probably due to other factors such as the impact of higher ambient temperatures in summer of sleep [31] , The larger amount of daylight entering the bedroom late in the evening and early in the morning, or the impact of other indoor climate aspects light CO2-level and temperature [32] The main finding of this study is that a significant effect was found between light exposure and sleep-wake patterns, and more specifically, longer exposure to high light levels is related to higher efficiency of sleep. This result does not change when testing for activity as confounding factor; one might think that not the light exposure, as well the activity is the reason why the sleep efficiency improves. In the aggregated data of summer and winter, no effect was found of sleep efficiency on daytime activity the day after. One would expect someone to be more active when having slept well. Similarly, unexpected patterns were found when studying combinations of sleep and daytime napping. These intuitively rather strange results may be explained from the indirect measurement of sleep variables from actigraph data. Non-efficient sleep corresponds with much activity above the threshold value while lying in bed. If one is just more active, this reflects in bad sleep quality and higher data of activity during the day. This calls for careful interpretation of the relationship between sleep quality measures and light exposure.
Also assumed was that daytime activity is larger when one is not too sleepy. Therefore, one might expect long exposure to high light levels to be connected to high daytime activity. One can also argue that, when exposed to high light levels, the participant is most likely outdoors. Being outside, often means that one is active at the same time. However, no significant correlations were found between the data on activity and light exposure, not in winter, nor in summer. When being exposed to more high light levels> the number of naps that same days are significantly reduced.
The question if light can improve the sleep quality specifically of bad sleepers is still unanswered. Although bad sleepers are not exposed shorter to high light levels than good sleepers, the data prohibits such statement.
Implications for Practice
Another approach lies within the architecture of the dwellings for the aged. Architects could construct houses for older adults with large windows to the outside world. Special attention should be given to the high eye sensitivity of older adults to differences in luminance. At the same time, we found that subjects wore sunglasses that further reduced the amount of light reaching the retina. In future studies, the effect of sunglasses should be considered in analyses.
The current study is one of the few that analyse the influence of daylight on sleep variables in an unobtrusive, everyday setting. Although the setting and the limited amount of subjects prohibits strong conclusions, evidence is given that there is a positive relation between prolonged exposure to high light levels and efficiency of sleep. In addition, daytime napping appears to happen less frequently when the subject is exposed to high light levels. This indicates that on an individual basis, it might be worthwhile to expose oneself longer a day to more daylight. This could be a healthy and inexpensive solution for sleeping problems, worthwhile of more follow-up research.
Study limitations
Since this study explored the potential of natural light exposure, its conclusions are limited also due to the number of participant and rather large age range.
The light level on the retina is the factor presumed to influence the sleep-wake cycle. In this study, ambient light level was measured at the wrist level instead of at the eye level. Practical and ethical considerations played a role, for instance, readily available wrist-worn actigraphs versus unpractical measuring goggles or necklaces. Iwata [33] found the following correlation (r = 0.82, n = 28055) (Eq. (1)) between the illumination level at the eye and the wrist, for which differences can be compensated for:
This equation allows for the interpretation of wrist-results to ocular levels. The levels presented in this paper are all Ewrist When considering this equation, a level of 1000 lx on wrist would indicate a level of 518 lx on eye level. In a more recent study [34] a smaller deviation between average eye and wrist exposure was found but strongly depending on the environmental condition people were in, for instance, indoors (27%) and outdoors (11%). Even though sleeping problems can be caused by many different reasons, some may be reduced by exposure to daylight. The sun, a natural source of a high illuminance, provides the light for free. One might argue that in moderate climate zones, older adults do not go outside often enough. Increased exposure to daylight should be encouraged, for instance, by creating awareness among people about the beneficial effects of sunshine.
